Division of Metabolic and
Moreover, the genetic correlations with glycemic traits that were estimated using the WLM-572 adjusted effects were substantially larger than those estimated using the unadjusted 573 effects, demonstrating the importance of accounting for the maternal-fetal genotype 574 correlation (e.g. fasting glucose: WLM-adjusted fetal effect on own BW r g =-0.25, P=8.2x10 -6 ; 575 unadjusted fetal effect on own BW r g =-0.11, P=0.005; WLM-adjusted maternal effect on 576 offspring BW r g =0.20, P=0.003; unadjusted maternal effect on offspring BW r g =0.08, P=0.09). 577
Cardiovascular traits showed directionally consistent WLM-adjusted maternal and WLM-578 adjusted fetal genetic correlations, but with different strengths. For example, the genetic 579 correlation between SBP and WLM-adjusted maternal effects on offspring BW (r g =-0.23, 580
P=9.2x10 -10 ) was stronger than that between SBP and WLM-adjusted fetal effects on own 581 BW (r g =-0.14, P=9.8x10 -5 ). 582 583
Using genetics to estimate causal effects of intrauterine exposures on birth weight 584
The separation of direct fetal genotype effects from indirect maternal genotype effects on 585 BW offers the novel opportunity to estimate the unconfounded causal influences of 586 intrauterine exposures using Mendelian randomization (MR) analyses. The principle of MR is 587 similar to that of a randomized controlled trial: parental alleles are randomly transmitted to 588 offspring and are therefore generally free from confounding 22, 23 . Consequently, an 589 association between a maternal genetic variant for an exposure of interest, and offspring 590 BW, after accounting for fetal genotype, provides evidence that the maternal exposure is 591 causally related to offspring BW ( Figure 3A) . Table 18 ). Taken together, our results demonstrate that the observed 720 negative correlation between BW and later SBP is driven by (i) the causal effect of higher 721 maternal SBP on lower offspring BW (Figure 3D ), in combination with (ii) the subsequent 722 transmission of SBP-associated alleles to offspring, which then increase offspring SBP 723 ( Figure 4B) To conclude, the systematic separation of fetal from maternal genetic effects in a well-801 powered study has enhanced our understanding of the regulation of BW and of its links with 802 later cardiometabolic health. In particular, we show that the association between lower BW 803 and higher adult BP is attributable to genetic effects, and not to intrauterine programming. 804
In successfully separating fetal from maternal genetic effects and using them in Mendelian 805 randomization analyses, this work sets a precedent for future studies seeking to understand 806 the causal role of the intrauterine environment in later-life health. 807 Biobank summary statistics using a second fixed-effects meta-analysis (max N=297,142). 884
ONLINE METHODS
Variants failing GWAS quality control filters, reported in less than 50% of the total sample 885 size in the EGG component, or with MAF<0.1%, were excluded from the European ancestry 886 meta-analysis. We also performed a fixed-effects meta-analysis of the association summary 887 statistics for 16,095 directly genotyped SNPs on the X-chromosome from the UK Biobank 888 and the meta-analysis of the EGG studies (max N=270,929) using GWAMA 54 . A locus was 889 defined as a gap of ≥500kb between any genome-wide significant SNPs, and the lead SNP 890 within each locus was the SNP with the smallest P-value. The set of lead SNPs from each 891 locus will be referred to as our genome-wide significant SNPs. 892 We were concerned that self-reported BW as adults in the UK Biobank would not be 893 comparable with that obtained from more stringent collection methods used in the EGG 894 studies. We conducted a heterogeneity test using Cochran's Q statistic 55 , as implemented in 895 GWAMA 54 , to assess the difference in allelic effects between the European EGG meta-896 analysis and the European subset of the UK Biobank, and we were unable to detect 897 evidence of heterogeneity at lead SNPs after Bonferroni correction (all P>0.00029; 898 Supplementary Table 5 ). However, we acknowledge that the power to detect evidence for 899 heterogeneity using the Cochran's Q statistic when comparing two groups is low and we use 900 it here to highlight any SNPs with large differences in allelic effects. Although none of the 901 SNPs reached the Bonferroni corrected threshold, there was an enrichment for low P, with 902 more than double the expected number of SNPs with P<0.05 (18/173; Supplementary Table  903  5 ). In addition, the UK Biobank lacked information on gestational duration, which could 904 impact the strength of association compared to the results obtained from the EGG studies 905 which adjusted for gestational duration. Therefore, we conducted a further sensitivity 906 analysis to specifically assess the impact of adjustment for gestational duration testing for 907 heterogeneity in allelic effects at lead SNPs between EGG studies which adjusted for 908 gestational duration (N=43,964) and the European subset of the UK Biobank. The only locus 909 where the lead SNP showed significant heterogeneity, after Bonferroni correction, was 910 rs1482852 at the LOC339894/CCNL1 signal (P het =0.00015), which was a locus showing the 911 strongest association with own BW and genome-wide significant in both EGG and the UK 912
Biobank components independently. 913
There is potential for individuals to be in both the UK Biobank and EGG studies (i. Figure 1) . None of the lead SNPs showed evidence of heterogeneity in BW allelic effects 945 across the three components after Bonferroni correction (all Cochran's Q P>0.169; 946
Supplementary Table 5 ). Univariate LD score regression 56 of the trans-ethnic meta-analysis 947 estimated the genomic inflation as 1.08. After adjustment of the test statistics for the LD 948 score regression intercept, the lead SNP at 8 loci (out of 11 that were added to our genome-949 wide significant loci from the trans-ethnic meta-analysis that were not identified in the 950
European meta-analysis) dropped below genome-wide significance (Supplementary Table 3 ). We then 962 combined the BW association summary statistics across the 10 HapMap 2 imputed EGG 963 studies in a fixed-effects meta-analysis, implemented in GWAMA 54 . We conducted a second 964
European ancestry fixed-effects meta-analysis to combine the association summary 965 statistics from the EGG meta-analysis with the UK Biobank, EFSOCH and ALSPAC (max 966 N=210,267). The same strategy and variant filtering criteria were applied as in the meta-967 analysis of own BW. We also performed a fixed-effects meta-analysis of the association 968 summary statistics for 18,137 directly genotyped SNPs on the X-chromosome from the UK 969
Biobank and the meta-analysis of the EGG studies (max N=197,093) using GWAMA 54 Figure 2) . Figure 19 for a flow diagram of 1201 the full analysis pipeline). For the UK Biobank participants who only reported their own BW 1202 (N=115,070), we conducted a GWAS of their own BW Z-score in BOLT-LMM to estimate the 1203 unadjusted fetal effect for each SNP and then meta-analyzed the results with the 1204 unadjusted fetal effect estimates from the EGG consortium using a fixed-effects, inverse-1205 variance weighted meta-analysis in METAL 61 . We followed the same procedure using 1206 participants who only reported their offspring's BW in the UK Biobank (N=88,846) and meta-1207 analyzed the unadjusted maternal effect estimates with those from the EGG consortium. 1208
The UK Biobank sample sizes used in this analysis are larger than those used in the SEM as 1209 the GWAS analyses are conducted in BOLT-LMM and can therefore account for the complex 1210 cryptic relationships between individuals. To get the WLM-adjusted maternal and fetal 1211 effect estimates, we combined the meta-analysis results of the unadjusted maternal and 1212 fetal effects for each SNP using the formulae above and their corresponding standard errors 1213 (see Supplementary Material) . Finally, we conducted another fixed-effects, inverse-variance 1214 weighted meta-analysis to combine the WLM-adjusted maternal and fetal effect estimates BW and later SBP may be driven by the causal effect of higher maternal SBP on lower 1478 offspring BW (red arrow), in combination with the subsequent transmission of SBP-1479 associated alleles to offspring (green arrow), which then increase offspring SBP, rather than 1480 by long-term developmental compensations to adverse in utero conditions. 1481 1482 SEP, socio-economic position; BW, birth weight; SBP, systolic blood pressure. 1483
